ABSTRACT The nutritive value of triticale distillers dried grains with solubles (DDGS) for broilers was investigated in 2 experiments. In experiment 1, four hundred male broilers housed in battery cages were fed diets including 15 or 30% triticale DDGS (extruded or not) or a basal diet, supplemented with or without a multienzyme complex from d 21 to 28. Birds were killed and ileal digesta was collected on d 28 to establish the apparent ileal nutrient digestibility (AID) coefficients for both assay diets and DDGS as test ingredients based on 5 cages per diet. In experiment 2, a 42-d performance study compared growth phase-specific diets formulated to similar levels of AME, CP, and digestible lysine with graded levels (0, 5, or 10%) of triticale DDGS inclusion based on a minimum of 4 pens per diet × sex combination. Breast muscle weight and percentage yield were determined on d 37 by sampling 5 birds per pen. In experiment 1, there was a significant (P < 0.05) DDGS level of inclusion × enzyme interaction for CP, lysine, methionine, tryptophan, isoleucine, histidine, and phenylalanine, such that the AID increased with enzyme supplementation based on 15% but not 30% DDGS inclusion. At 15% DDGS inclusion, enzyme supplementation increased the AID of these nutrients in DDGS between 6 and 19 percentage units. Extrusion of triticale DDGS increased (P < 0.05) the AID of GE, CP, methionine, tryptophan, branched-chain amino acids, and phenylalanine between 3 and 8 percentage units. In experiment 2, feeding up to 10% triticale DDGS had no adverse effect on feed intake, weight gain, or feed efficiency of broilers compared with controls over the 42-d study. Feeding up to 10% triticale DDGS did not affect breast weight or yield on d 37. In conclusion, feed enzyme complex supplementation and extrusion both increased the nutritive value of triticale DDGS for broilers. Triticale DDGS can be fed at up to 10% of practical broiler diets without adverse effect on performance and breast muscle yield.
INTRODUCTION
The Canadian Environmental Protection Act will require gasoline to contain a minimum of 5% renewable content by September 2010. Based on current fuel consumption (Statistics Canada, 2009a) , 5% renewable content equates to 2 billion liters of ethanol. Estimates for 2008 place ethanol production capacity in Canada at 1.5 billion liters (Ethanol Producer Magazine, 2010) . The need to meet the demand for ethanol, coupled with federal and provincial incentives, will further stimulate expansion of ethanol production capacity in Canada.
Approximately 65% of Canadian ethanol production is corn grain-based, with the remainder based on wheat (Canadian Renewable Fuels Association, 2009 ). As production of ethanol expands, the proportion of wheat grain-based production is likely to increase. Canadian corn production closely mirrors domestic usage. Approximately 75% of total annual wheat production is exported (Statistics Canada, 2009b) . The diversion of wheat grain away from export markets into ethanol production will further increase domestic wheat prices. Higher wheat prices adversely affect broiler and hog production in Western Canada, where wheat-based diets predominate. An alternative would be to expand the use of crops like triticale (× Triticosecale) in place of wheat grain as a feedstock for ethanol production.
Triticale is reported to have equal value to wheat grain for ethanol production (Wang et al., 1997 (Wang et al., , 1998 . It is purported to have an advantage over wheat in terms of net environmental benefit, owing to its com-paratively higher yields (Salmon, 2004) and lower crop input requirements (Davis-Knight and Weightman, 2008) .
Distillers dried grains with solubles (DDGS) is a co-product of ethanol production that has value as a protein supplement in livestock and poultry feeding (Lumpkins et al., 2004) . At present, we are not aware of any reports describing the nutritional value of triticale DDGS for poultry or recommended inclusion levels in practical diets. Antinutritional factors, in particular nonstarch polysaccharides (NSP), are likely to limit nutrient digestibility and maximum inclusion levels of triticale DDGS in broiler diets as they do in the intact grain (Antoniou and Marquardt, 1981; AlAthari and Guenter, 1988) . The antinutritional effects of NSP in triticale DDGS could be overcome through supplementation with exogenous NSP-degrading enzymes, which successfully increased nutrient digestibility in triticale grain for broilers (Pourreza et al., 2007) . Likewise, extrusion may enhance nutrient digestibility through physical disruption of cell walls or through altering physical characteristics of nutrients in DDGS (Camire, 1991) . These strategies, alone or in combination, could enhance nutrient digestibility, especially for young birds. Higher inclusion levels of triticale DDGS in broiler diets would result in greater feed cost savings for producers.
We hypothesized that single-screw extrusion of triticale DDGS and enzyme complex inclusion would increase the nutrient digestibility of triticale DDGS for broilers. We further hypothesized that broilers fed diets including triticale DDGS and formulated on a digestible nutrient basis would perform and have breast muscle yield similar to broilers fed a wheat-soybean meal diet. The objective of our first study was therefore to establish the energy and nutrient digestibility coefficients for extruded and nonextruded triticale DDGS with or without dietary enzyme complex supplementation. The objective of our second study was to determine whether 5 or 10% dietary inclusion of triticale DDGS would adversely affect broiler performance or breast muscle yield. Table 1 ) using a single-screw InstaPro 2500 extruder (InstaPro International, Urbandale, IA) equipped with a 93.2 kW·h motor and a 2.36-m-long barrel with major and minor internal diameters of 143 and 135 mm, respectively. The custom-manufactured die cone had 5 holes of 8 mm in diameter. The screw was configured with four 133-mm (part #2000-11R, InstaPro International) steamlocks, each preceded by four 130-mm double flight screws (part #2000-22, InstaPro International) and three 133-mm single flight screws (conveying zone). The triticale DDGS were fed at the inlet chamber using a model 8500 over-the-top feeder (InstaPro International) at a rate of 1,000 kg/h and 26.5 L of water was added at the plug hole past the inlet. Turning speed was 600 rpm at 75% torque; temperature at the third barrel fluctuated between 165 and 168°C. The hot extrudate was conveyed using 2 augers equipped with exhaust fans to a 9.1-m single-pass horizontal pellet cooler. To attain a consistent texture, the extrudate was then passed through a pellet mill conditioner with no steam added and a pellet crumbler and last packaged in tote bags for shipping to the test site. The enzyme complex used (Canadian Bio-Systems, Calgary, Alberta, Canada) provided 150 units of xylanase, 125 units of glucanase, 4,000 units of amylase, 1,750 units of protease, and 5,000 units of invertase activity per kilogram of mixed feed when included at 0.05% of the diet.
MATERIALS AND METHODS
Diet Formulation and Assay Diets. A basal diet and 4 assay diets containing 15 or 30% extruded or nonextruded triticale DDGS were formulated (Table 2) . Half of each formulation was mixed with an enzyme complex to derive the 10 assay diets fed in this experiment. The basal diet was formulated to provide 20% CP and met or exceeded NRC (1994) requirements for most nutrients. Celite 281 (World Minerals Inc., Santa Barbara, CA) was added to all diets as an indigestible marker to permit calculation of nutrient digestibility. The triticale DDGS extrudate was broken down in a hammer mill passing through a 9-mm screen to achieve uniform particle size. The concentrate used in all assay diets was mixed at the university feed mill (University of Alberta, Edmonton, Alberta, Canada). Assay diets were then produced at the Poultry Research and Technology Centre (University of Alberta) by mixing ground wheat, triticale DDGS (extruded or not), and the multi-enzyme complex only in supplemented diets with the premixed balance of ingredients in an orbital mixer (model H-600, Hobart Corporation, Troy, OH).
Birds and Experimental Management. Approximately 400 male 1-d-old Ross × Ross 308 chicks (Lilydale Hatcheries, Edmonton, Alberta, Canada) were brought to the Poultry Research and Technology Centre. The birds were distributed randomly among 50 cages in test batteries (Specht Ten Elsen GmbH & Co., Sonsbeck am Niederrhein, Germany), resulting in 7 or 8 chicks per cage. Chicks had free access to a starter diet formulated to contain 3,050 kcal/kg of AME, 1.35% lysine, 0.97% methionine + cysteine, 1.10% Ca, and 0.50% available P from d 0 to 14 and the control grower diet ( Table Table 1 . Analyzed nutrient content of wheat grain, triticale distillers dried grains with solubles (DDGS), and single-screw extruded triticale DDGS (DM basis) Calculations. The apparent ileal digestibility (AID) coefficient of energy or a nutrient in an assay diet was established using the percentage of AIA and the nutrient in digesta and the corresponding assay diet using the following equation:
The difference method was then used to calculate the AID of nutrients in DDGS as test ingredients. The difference method involves measuring digestibility in the basal diet and then comparing assay diets where a single test ingredient displaces a known percentage of the basal diet (Mosenthin et al., 2007) . In the present study, test ingredients only substituted wheat in the diet. Assuming no interactions between the concentrate, wheat, and test ingredient, the relative contributions from each toward observed nutrient digestibilities in the assay diets can be described as:
where D assay is the observed digestibility of a nutrient in an assay diet, D conc is the digestibility of a nutrient in the concentrate, RC conc is the relative contribution of the concentrate to the level of a nutrient in the assay diet, D test is the digestibility of a nutrient in the test ingredient, RC test is the relative contribution of the test ingredient to the level of a nutrient in the assay diet, D wheat is the digestibility of a nutrient in wheat grain, and RC wheat is the relative contribution of wheat grain to the level of a nutrient in the assay diet. By rearranging the first equation to solve for D test :
To estimate nutrient digestibility in the DDGS test ingredients in the present study, we used the AID coefficients for nutrients in wheat grain derived from recently published literature (Table 3) .
Experiment 2: Performance Study
Diets and Experimental Design. The effect of 5 or 10% inclusions of triticale DDGS on broiler growth per- Gross energy  66  68  CP  77  77  Arginine  86  90  Histidine  86  89  Isoleucine  85  88  Leucine  85  89  Lysine  89  92  Methionine  94  96  Phenylalanine  82  87  Threonine  76  82  Tryptophan  80  80  Valine  83  87 formance and breast muscle yield was compared with controls fed a wheat-soybean meal-based diet (Table  4) . Diets were formulated based on a digestible nutrient basis using coefficients determined in experiment 1 and to meet dietary specifications in the Ross 308 Production Guide (Aviagen, Hunstville, AL). Starter diets (d 0 to 14) were formulated to contain 3,025 kcal of ME/kg, 1.43% lysine, 1.07% methionine + cysteine, 1.05% Ca, and 0.5% available P. Grower diets (d 14 to 28) were formulated to contain 3,150 kcal of ME/ kg, 1.24% lysine, 0.95% methionine + cysteine, 0.9% Ca, and 0.45% available P. Finisher diets (d 28 to 42) were formulated to contain 3,200 kcal of ME/kg, 1.09% lysine, 0.86% methionine + cysteine, 0.85% Ca, and 0.42% available P. Dietary regimens for each pen were kept constant across all periods. To meet digestible AA targets at 5 and 10% inclusion levels, the same triticale DDGS extrudate used in experiment 1 was fed in starter diets to young birds. Nonextruded DDGS was fed in grower and finisher diets when birds were older. Test pens were divided into 4 blocks based on location within the experimental room. Dietary treatments were randomly assigned to pens of each sex within area block for a minimum of 4 replicate pens per diet × sex combination.
Experimental Management. Male and female Ross × Ross 308 broiler chicks (Lilydale Hatcheries) were brought to the Poultry Research and Technology Centre (University of Alberta) on the day of hatching. Upon arrival, approximately 55 chicks were allotted to each single-sex floor pen. Pens measured 1.64 × 2.05 m, and the solid concrete floor was covered with softwood shavings. Each pen was equipped with a single adjustable-height tube feeder suspended from the ceiling and adjustable nipple-type drinkers connected to a central water line. Birds had continuous free access to water and the assigned diet regimen upon arrival and for the duration of the experiment.
Room temperature, light intensity, and photoperiod were controlled by automated timers and controllers but were checked twice daily by study personnel and conformed to recommendations in the Ross 308 Production Guide (Aviagen). Water consumption, feed disappearance, and health were monitored twice daily to ensure that birds had ad libitum access to feed and water, to remove mortalities, and to identify possible health concerns.
On d 3 of the study, 5 birds in each pen were randomly selected and received colored, nonremovable neck tags with barcodes for individual identification. Tagged birds were designated as the representative sampling units for each pen for breast muscle weight and yield measurements so as to eliminate sampling bias on the sampling day (d 37). The remaining birds were sent for slaughter to a local commercial processor at the conclusion of the study on d 42.
Measurements and Calculations. Birds were weighed as pen groups on d 0, 7, 14, 21, 28, 35, and 42. On weigh days, feeders were weighed and weekly feed disappearance calculated by difference between feed added during the week and residual feed remaining. These measures were then used to calculate ADG (g/ bird), ADFI (g/bird), and feed efficiency as G:F (g of gain:g of feed per bird). On d 37, tagged birds were removed from each pen to determine breast muscle weight and yield. Birds were first killed by cervical dislocation and then weighed intact. The pectoralis thoracis and supracoracoideus muscles were dissected and weighed. Breast muscle yield (as % of live BW) was calculated by dividing the weight of the breast muscle by the weight of the intact bird.
Statistical Analysis. Energy and nutrient AID coefficients for experiment 1 and performance and breast yield data for experiment 2 were all analyzed using the MIXED procedure of SAS (SAS Institute, Cary, NC).
For experiment 1, the AID of GE and nutrients for assay diets and DDGS as test ingredients were analyzed separately. For assay diets, the model included diet formulation (basal, 15 or 30% DDGS, or 15 or 30% extruded DDGS), enzyme complex supplementation (with or without), and the 2-way interaction. For DDGS as test ingredients, in contrast to diets, the model included the DDGS inclusion level (15 or 30%), extrusion of DDGS (extruded or not), enzyme supplementation (with or without), and all 2-and 3-way interactions. In models for both diets and DDGS as test ingredients, block was the random term. Intakes (in g/d) of the nutrient concerned as well as CF, NDF, and NDF-ADF were tested as covariates for both diets and DDGS as test ingredients.
For experiment 2, growth performance data were analyzed as repeated measures (Wang and Goonewardene, 2004) . The model included diet, sex, and the diet × sex interaction. Block was the random term, week was the repeated term, and initial pen weight was tested as a covariate. The model for breast weight and yield data included the main effects of diet, sex, and diet × sex interaction. Block was the random term, and BW on sampling day was included as a covariate.
The appropriate covariance structure for analysis of energy and nutrient digestibility, performance, and breast data was selected based on minimization of the Bayesian information criterion for each model (Schwarz, 1978) .
RESULTS AND DISCUSSION

Experiment 1: Digestibility Study
Irrespective of extrusion, increases in GE (118 kcal/ kg), CP (2.9% units), fat (1.2% units), CF (0.9% units), ADF (0.3% units), NDF (3.0% units), ash (1.5% units), and total AA (2.1% units) were observed in experiment 1 assay diets with each 15% increase in triticale DDGS inclusion (Table 5) . Feed intake differed (P < 0.05) between some dietary treatments but was not significant as a covariate for any evaluated nutrient (data not shown), nor was intake of fiber (expressed as g/bird per d of CF, NDF, or NDF-ADF) or intake (in g/bird per d) of the respective nutrient (P > 0.10; data not shown).
Nutrient digestibility in the assay diets containing DDGS was generally lower than the basal diet (Table  6 ). Triticale DDGS only substituted wheat in assay diets, indicating that the AID of GE, CP, and AA in triticale DDGS was less than those of the wheat grain used in the present study.
There was a significant interaction between diet formulation and enzyme supplementation for the AID of DM, GE, histidine (P < 0.05), and a trend for total AA and arginine (P < 0.10; Table 6 ). The AID of these nutrients increased with enzyme supplementation only in particular diet formulations. For instance, the AID of DM was increased by enzyme supplementation in all diet formulations except the basal diet. In the literature, supplementation with exogenous NSP-degrading enzymes increased the AID of CP and AA in wheat fed to broilers by 2 to 5 percentage units Rafuse et al., 2005) . We anticipated, therefore, that inclusion of the multi-enzyme complex would improve the AID of AA at least in the basal diet.
Contrasts for the basal diet with or without enzyme revealed, however, that other than a modest improvement in the AID of GE, there was no response to enzyme supplementation (P > 0.10). We therefore abandoned the strategy of using different AID AA estimates for wheat grain (Table 3) when calculating the AID of nutrients for triticale DDGS (extruded or not) using the difference method. We chose instead to use the estimates for wheat grain without enzyme supplementation listed in Table 3 . Using these values for wheat grain, separate estimates for the AID of each nutrient in the balance of the diet ingredients were calculated based on the measured digestibilities in the basal diet with and without the multi-enzyme complex.
For the AID of energy or any nutrient in triticale DDGS, enzyme supplementation did not interact with extrusion. In addition, there was no 3-way interaction between inclusion level, extrusion, and enzyme supplementation (data not shown).
Level of DDGS inclusion and enzyme supplementation interacted on the AID of nutrients in triticale DDGS (Table 7 ). The AID of CP, lysine, methionine, tryptophan, histidine, phenylalanine (P < 0.05), arginine, and leucine (P < 0.10) in triticale DDGS increased with enzyme supplementation at 15% but not at 30% of the diet. The AID of GE and isoleucine were enhanced by enzyme supplementation independent of DDGS inclusion level (P < 0.05). Enzyme supplementation increased the AID of nutrients between 6 and 19 percentage units, amounting to percentage improvements ranging between 9 and 33%. Our study is the first to report a benefit of enzyme complex supplementation in diets containing triticale DDGS for broilers.
In contrast to enzyme supplementation, extrusion processing did not result in the same magnitude of improvement, but its effect was largely independent of Least squares means within the feed intake row lacking a common superscript differ (P < 0.05). level of inclusion of triticale DDGS (Table 8) . A notable exception to this was lysine, in which the AID was unaffected by extrusion (P > 0.10), but there was a significant interaction between DDGS inclusion level and extrusion (P < 0.05). There was also a tendency (P < 0.10) toward an interaction between DDGS inclusion level and extrusion for the AID of CP and arginine. Extrusion alone significantly increased the AID of GE, CP, methionine, tryptophan, branch-chained AA, and phenylalanine in triticale DDGS between 3 and 8 percentage units or 4 to 12%. Thus, extrusion increased the AID of GE, CP, and some AA in triticale DDGS.
Extrusion processing is believed to increase protein digestibility through enhancing denaturation of proteins via shear force and heat applied during passage through the extruder, exposing more peptide bonds to enzymatic hydrolysis (Camire, 1991) . Extrusion increased the digestibility of CP for broilers in 2 mixtures of whole canola and flax (Thacker et al., 2005) and soybean meal compared with toasting (Marsman et al., 1997) . There are conflicting reports on the effect of extrusion on the AA digestibility in peas for nonruminants, where it has been proposed as a treatment to reduce the level of trypsin inhibitor (Mariscal-Landin et al., 2002; Al-Marzooqi and Wiseman, 2009 ). Heat and moisture conditions during extrusion appear to play an important role in determining the extent of improvement on AA digestibility in the extrudate for broilers (Al-Marzooqi and Wiseman, 2009 ).
Lap Im et al. (1999) reported that the AID of essential AA in triticale grain ranged between 71 and 86%. Calculated coefficients for several AA in our study generally fell within this range, suggesting that the AID of AA in this sample of triticale DDGS might have been similar to that in the native grain. This finding is consistent with reports of similar AID of AA in modern corn DDGS compared with corn grain (Adedokun et al., 2008) .
The authors acknowledge that the emergence of DDGS inclusion level as a significant effect in several of the models may be a consequence of our calculation methodology, which was necessary to correct for differing proportions of wheat among assay diets. The consequence of substituting wheat with DDGS in assay diets was an increase in dietary hemicellulose (i.e., NDF-ADF) content, which would correlate to NSP content (Table 5 ). In the 30% DDGS diets, DDGS accounted for approximately 60% of the hemicellulose in assay diets. Although NSP in DDGS would reduce digestibility of nutrients thereby impeding interactions between digestive enzymes and nutrients Aman, 1988, 1989) , NSP could also exert a general depressive effect on nutrient digestibility in the diet as a whole. Reduced nutrient digestibility in diets might result from reductions in digestibility from increased digesta viscosity in the case of soluble NSP (Annison and Choct, 1991) , an increase in passage rate in the case of insoluble NSP (Hetland et al., 2004) , or apparent reductions in digestibility resulting from increased en- Table 6 . Effect of diet and enzyme complex supplementation on the apparent ileal digestibility (AID) of energy and nutrients in the assay diets (d 14 to 28) in experiment 1 AID, % dogenous losses (Kluth and Rodehutscord, 2009 ). The nature and significance of the DDGS level of inclusion × enzyme interaction in this study lends credibility to the hypothesis that fiber levels in DDGS led to the general depression of AID of nutrients in diets. Our results also suggest that exogenous feed enzyme activity may have been insufficient to compensate for higher fiber content in the 30% compared with the 15% DDGS inclusion diets.
Experiment 2: Performance Study
Initial BW on d 0 of the study was not significant (P > 0.10) in models for ADG, ADFI, or G:F and thus was excluded. Bird weight on d 37, however, was significant (P < 0.001) as a covariate for both breast weight and yield.
Crude fiber levels among test diets increased in proportion to the level of DDGS inclusion, except in the finisher period, in which fiber content was numerically highest in the 5% triticale DDGS diet (Table 9) .
Broiler performance was influenced by sex (Table  10 ). For the overall study, males had significantly higher ADFI, ADG, and G:F compared with females (P < 0.05). Differences between sexes became apparent in the last 3 wk of the study. In wk 1 through 3, male and female performance was not different (P > 0.10). In contrast, males had higher ADFI and ADG compared with females in wk 4 and 5 (P < 0.05), but G:F was not different between sexes (P > 0.10). In the final week of the study, females consumed 15 g more feed per day compared with males but gained approximately 20 g less per day, resulting in a 20-unit disparity in G:F (P < 0.05). Dietary inclusion of triticale DDGS up to 10% had no effect on overall (d 0 to 42) broiler performance (Table 11 ). Feed disappearance, ADG, and G:F were not different (P > 0.10) among triticale DDGS inclusion levels for the entire study (d 0 to 42). There were, however, differences in ADFI among DDGS inclusion levels for d 28 to 35 of the study (P < 0.05). Broilers fed diets containing 10% DDGS consumed more feed in wk 5 than birds fed the control or 5% DDGS diets. This disparity in feed intake between inclusion levels suggests that the AME value of triticale DDGS was somewhat underestimated because feed intake in the finishing phase is influenced by small changes in energy density (Skinner et al., 1992; Saleh et al., 2004) . The same trend, however, was not observed in the final week of the study. Birds were fed the identical formulation in wk 5 and 6 of the study, making it difficult to propose a satisfactory explanation for this observation.
Recent published reports support the inclusion of corn or wheat DDGS in practical broiler diets at inclu- sion levels up to 15% (Lumpkins et al., 2004; Thacker and Widyaratne, 2007; Wang et al., 2007a,b,c) . Two published reports (Wang et al., 2007a (Wang et al., , 2008 indicated that corn DDGS inclusion levels as high as 20% had no negative effect on weekly BW or feed conversion in 49-d performance trials. Thus, broiler growth performance data in the present study support the feeding of triticale DDGS at levels up to 10% of practical diets. Breast weight and yield differed between sexes but not among increasing levels of triticale DDGS in diets (Table 12 ). Breast muscle weight was 18.6 g heavier and yield 0.75% greater for female broilers compared with males (P < 0.05). There was no significant interaction between sex and triticale DDGS inclusion level for either breast muscle weight or yield (P > 0.10).
Feeding fiber-rich ingredients to broilers has been shown to influence the relative weight of digestive tract organs (González-Alvarado et al., 2007 , raising concerns that feeding increasing levels of DDGS in broiler diets could reduce dressing percentage or breast muscle yield. Literature pertaining to feeding corn DDGS suggests that adverse effects on dressing percentage or weight of breast meat of broilers ranging in age from d 35 to 49 were not encountered until inclusion levels exceeded 20% (Lumpkins et al., 2004; Wang et al., 2007a Wang et al., ,b,c, 2008 . Our findings are consistent with these earlier reports and suggest that feeding broilers practical diets including up to 10% triticale DDGS should not adversely affect weight of high-value carcass components.
In conclusion, supplementing diets with an exogenous multi-enzyme complex that included NSP-degrading activity and single-screw extrusion of the triticale DDGS both increased the nutritive value of triticale DDGS for broilers. We also demonstrated that triticale DDGS can be fed at levels up to 10% of practical diets for broilers without adversely affecting either growth performance or breast muscle weight and yield. More research is required to identify processing methods or strategies that increase the nutrient digestibility in DDGS to permit higher inclusion levels in practical diets to reduce feed cost. Least squares means within a row and effect lacking a common superscript differ (P < 0.05).
